We indicate that the directional sensitivity of the hair cell together with a directional distribution of frequency over the hair cells comprise a possible physiological basis for the second filter. Tuning disparity of the first and second filter denotes the difference in tuning frequency; at a given position x the tuning frequency of the first filter is a CF, of the second CF, with a > 1. This accounts for the asymmetry in location of two-tone suppression areas. The compressive nonlinearity is described by a vth law device with v < 1. We analyze implications of this model for two-tone suppression, sharpening, pure-tone masking, and combination tone generation. Basic features of these phenomena are described adequately. For combination tones the propagation problem needs further study. On the basis of a comparison of literature data and theoretical predictions we estimate a = 1.2 and v = 0.6. Regarding accurate shape of the first and second filter, the discussed data provide means for a qualitative evaluation only. Possibilities for a quantitative analysis are indicated. 
(static). Goldstein (1967) termed the nonlinearity essential because the relative amplitude of 2fz-f•. is almost independent of the stimulus level. That implies that in a power series expansion of the nonlinearity the linear term must be negligible. Next the question arises as to whether the nonlinearity is compressire or expansive. A first general consideration is that a compressire nonlinearity is certainly more helpful than an expansive one in accounting for the considerable dynamic range of the ear. Without loss of generality we may restrict ourselves to a consideration of the socalled vth law device, defined by y = sgn(x). Ixl v (see Fig. 1 transducing mechanism. Because of the constant rateincrement detection criterion used for the tuning curve, it seems plausible that the transducing mechanism effect shows up more clearly in the click response than in the tuning curve. In principle thus, neural data are contaminated by at least two seemingly essential nonlinearities {cf. Pfeiffer et al., 1074, and Smoorenburg's comment on that paper). In short, we conclude that the fact that tuning as observed in auditory-nerve fibers can be described linearly for some purpose does not imply that peripheral nonlinearities do not exist. However, from the extent to which a linear description is adequate, constraints may follow for the degree of nonlinearity.
Next we consider some properties of the second filter. These are most obviously pertinent to frequency selectivity and to two-tone suppression. With regard to frequency selectivity the following constraints apply: (1) Along the basilar membrane, the tuning frequency of the second filter must follow the tuning frequency of the first filter, but the tuning frequencies are not necessarily exactly equal. This condition might suggest a physical coupling between the first and second filter.
(2) Comparing neural tuning curves to mechanical tuning curves (Evans, 1072), we conclude that the seeond filter must have a bandwidth of at most the order of magnitude of the bandwidth of the first filter and more likely a narrower one, in order to produce the required amount of sharpening. These two constraints are in line with the requirements for a proper description of two-tone suppression {Pfeiffer, 1070). It will be shown (See. 1II) that the asymmetry in the two-tone suppression above and below C F {Sachs and Kiang, 1068) is most readily described if one assumes {hat at a certain point at the basilar membrane the mechanical tuning frequency is slightly higher than the tuning frequency of the second filter. We will designate the assumed difference in tuning frequency by the term tuning disparity.
The sequential order of nonlinearity and second filter is determined by the need to predict sufficient twotone suppression. A second tone can reduce the specific response to a stimulus tone, but at the same time it generates additional distortion (intermodulation)products, and in general the total averaged output of the nonlinearity is not necessarily reduced. Suppression will show up if the second filter sufficiently reduces the distortion products. This can be achieved if its bandwidth is sufficiently narrow. Clearly, then, the second filter must follow the nonlinearity.
Several suggestions have been advanced about a possible physiological basis for nonlinearity and second filter. Interesting results are obtained when a nonlinearity in the damping of basilar membrane motion is assumed (Kim et al., 1973; Hall, 1974 (Goldstein, 1972b) suggests that the low-frequency distortion products propagate to their proper place at the cochlear partition, i.e., to the hair cell tuned to the distortion product. This may not necessarily require a propagation along the basilar membrane, although that seems most likely (e. g., Hall, 1974 • to this direction (Fig. 2) , the sensitivity follows approximately cos • as long as -•r/2 --< • -< •r/2 and approaches zero, or is negative (inhibitory), in the other half-plane (Flock, 1965a (Flock, , 1965b Obivously, the combination of the directional distribution of vibrations as a function of place, or, at a fixed place as a function of frequency, constitutes in combination with the directional sensitivity, a frequency weighting or filter (see Fig. 4 ). We assume that it constitutes the second filter.
Assuming that the directional sensitivity behaves as cos•, the selectivity of the second filter is determined by the directional distribution of vibrations over frequency at the hair cell base (cf. also Tonndorf, 1070).
B. Outline of the theory
The above considerations inspired the following more specific, tentative assumptions concerning the second This means that it operates before the second filter becomes effective, in accordance with the requirement in Sec. I. One may think of the nonlinearity in terms of a nonlinear load to which the linear resuitant stimulus at the hair cell is subjected. We will assume that the compressive nonlinearity can be described adequately with a pth law device (Fig. 1) , so that the compressed stimulus at the hair cell, R(t), is given by R(t): sgn[r(t)] I r(t) I ". (Pfeiffer, 1970 ) is presented in Fig. 6 . In the course of this paper we will discuss some of the differences between the two models. At this point we remark that the major difference is that we have proposed a physiological basis for our model. A23 is defined by A2=AtHtt/(Ht2H127).
•m 60 In case of iso-L•f• masking, x r is not fixed but becomes the variable. This requires knowledge of excitation patterns over x for fixed frequencies, which are more difficult to measure. Henceforth, we will therefore restrict ourselves to iso-Lrfr masking.
C. Forward masking
In this subsection we make a brief excursion to some aspects of temporal masking, because it seems tempting to relate forward masking data to pulsation threshold data. We will stress some difficulties which ob, scure this relationship.
If the forward masking pattern, i.e., probe threshold as a function of probe frequency, might be assumed to give an adequate linear map of the perstimulatory excitation pattern, then forward masking data expectedly would match pulsation threshold data in shape. Two assumptions underlie the condition specified above.
The first is that the with-time-decaying forward masking is due to the recovering perstimulatory adaptation. The second assumption is that adaptation reflects the excitation pattern linearly. This interpretation meets some objections. We have remarked elsewhere (Duifhuis, 1973) In short, although forward masking is not contaminated by nonlinear interaction of probe and masker, it is more complicated than the pulsation threshold because of effects in the time domain. An adequate descriptive theory of these temporal effects is necessary for a quantitative comparison of forward masking and pulsation threshold data. We exclude forward masking from further discussion in this paper.
D. Simultaneous masking
We approach simultaneous masking from two points of view, the distinction between which is related to the classical difference between "place" theory and "periodicity" theory. We will show that the two approaches lead to the same predictions, and hence that simultaneous masking data provide no tool for a decision.
Generalized place theory
We consider again the iso-Lpfp case. Obviously the probe can be detected only in the channels responding to the probe. It is a convenient simplification to consider only the channel tuned to the probe, i.e., at Xp, as the proper representative of the responding set of channels. We refer to this simplification as the single channel hypothesis (see Sec. IV E). The probe will be confronting simultaneous with nonsimultaneous masking data. However, we cannot expect a high degree of accuracy of such results since the differences may be "second-order" effects (cf. Fig. 14) .
It is interesting to note that for values of Ao between
Aot and Ao2, the value of E(P+M) decreases with increasing Ao. This implies that the internal probe-tomasker ratio decreases not only because of the increase of the denominator, but also because of a decrease of the numerator. Hence, the perceived probe level will decrease faster than suggested by the external probe-to-masker ratio (i.e., in the stimulus). In view of the results of Sec. n'I this can be readily interpreted as a suppression phenomenon, which occurs only if fo•fr. This prediction is again in agreement with psychophysical observations as reported, e.g., by Scharf (1964) and Houtgast (1974a Houtgast ( , 1974b . and it has a second-order effect on probe detection (cf. Duifhuis, 1973) . However, the condition that masker slopes are not steeper than'probe slopes appears to be in disaccordance with our assumption of tuning disparity.
Tuning disparity predicts an increase in the high-frequency slope at aft (cf. Fig. 14) , although actually the increase will be more gradual than schematically depicted. This implies that for fr <fM the maximum sig- However, because the high-frequency slopes are very steep anyway, it remains questionable whether these effects are significant. Thus, the single probe channel approach appears to be justified for low probe levels and it will provide a reasonable first approximation at moderate and higher probe levels. 
We observe that r•parallels R•.
•t_• ' as given in Eq. (13) and We have assumed a nonlinearity in the mechanics at the hair-cell location. This raises the question of how the presumably relatively low-energetic distortion products are coupled back into the mechanism in order to allow for significant propagation. A first comment on this question is that it is not clear how far the distortion products have to be coupled back into the system. Although there is much circumstantial evidence for propagation to the hair cell, evidence for propagation along the basilar membrane (that is, of the distortion prooucts) appears to be lacking (Wilson and Johnstone, 1972) . The second comment regards the alternative location of the nonlinearity. Since the location should be between first and second filter (cf. Sec. I) it might also be located in the cocklear impedance (membrane and/or fluid). Evidence against such a more peripheral location of the nonlinearity, which is responsible for combination tone generation, might be found in psychophysical data by Smoorenburg (1972) . A subject with a narrow-band hearing loss (presumably neural or hair cell) reported no aural combination tones when either of the primaries was presented within the dip.
In conclusion, propagation remains an important problem. The results of the present analysis tend to add to the evidence in support of the propagation hypothesis, but cannot be considered conclusive.
C. Some phase effects
As long as the propagation problem remains unsolved, it will be difficult to interpret psychophysically measured phases of combination tones. Goldstein (1972b) considers as one of the basic problems the difference in phase behavior of combination tones as a function of level when measured psychophysically or physiologically. In the first case there is a systematic change, in the neural data the phase is constant.
We will leave these problems as they are, and mention some consequences of our theory for phase effects. The two basic phenomena on which our second filter theory is based, i.e., the directional sensitivity of the hair cell and the directional distribution of vibration at the hair cell, appear to be fairly well established qualitatively. Thus, it appears plausible that in fact such a frequency weighting mechanism is operative. However, it remains to be established whether this mechanism can quantitatively account for the necessary sharpening.
No such direct basis, unfortunately, underlies our assumption that the relevant nonlinear compression occurs at the hair cell base. Using this assumption we arrived at functional predictions which in some situations are undistinguishable from theories assuming nonlinear basilar membrane impedance. Depending on the question of how and to what extent the generated distortion products are coupled back into basilar membrane motion, direct measurement of distortion products in basilar membrane motion might provide a tool for deciding between the possibilities mentioned. The two possible locations for the sources of low-level combination tones mentioned above have already been stated explicitly by Goldstein (1967) . We remark that a third possiblity, viz., that nonlinearities arise at both (or even more) places, also deserves further attention (cf. Weber and Mellert, 1975 and therefore does not predict the data that can be accounted for by (• > 1 as, e.g., the relative location of low-frequency and high-frequency two-tone suppression areas (see Fig. 10 ).
Our theory provides no clue as to a possible functional difference and/or interaction of inner and outer hair cells as e.g., proposed by Zwislocki and Sokolich (1973, 1974) yth law terms will turn out to be more precise. x
We have seen in Sec. IV that our theory predicts a difference in sharpness of simultaneous masking and pulsation threshold curves. The pulsation threshold curve benefits from sharpening by the second filter and additional sharpening due to the compressire nonlinearity, whereas the simultaneous masking curve reflects only sharpe.ning by the second filter. Also, the remarks in Se•c. IV E apply primarily to simultaneous masking and may introduce additional differences (see, e.g., Vogten, 1974b ). These differences may be described in terms of two-tone interaction. The theory explicitly shows the relation between the two phenomena'. The manner in which the theory accounts for two-tone suppression is basically similar to Pfeiffer's (1970) theory. What is new is the introduction of the tuning disparity which accounts for the asymmetric location of low-frequency and high-frequency suppresion areas. Also the description of combination tones is basically identical to Smoorenburg's (1972 Smoorenburg's ( , 1974 theory. A major problem about combination tones, which remains unsolved, is how propagation occurs and whether it may• account for the discrepancy noted by Goldstein.(1972b) between the psychophysically and neurophyscologically measured phase of the combination tone. Also the pos-
